We present an overview of recent research in the inter-related areas of growth and pubertal development among adolescents with HIV. Growth deficits early in childhood can lead to delayed puberty, with subsequent effects on pubertal growth spurts and bone health.
INTRODUCTION
Approximately 2.1 million adolescents aged 10-19 years were living with HIV in 2016, with 90% of these residing in low-resource settings (LRS) [1] . Adolescents with HIV infection often have impaired growth, with frequent stunting (low height for their age), underweight (low weight for age), and wasting (low weight for height), as compared with World Health Organization (WHO) or Centers for Disease Control and Prevention (CDC) growth standards [2, 3] . Children with perinatally acquired HIV infection (PHIV) are at particularly high risk of growth deficits, given lifelong HIV and chronic inflammation. As early infant diagnosis and linkage to HIV care improves, the population of PHIV adolescents is likely to increase, and the physical, social, and economic implications of poor growth will continue to expand.
The specific pathways, which result in impaired growth are multifactorial, including undernutrition, chronic inflammation, opportunistic infections, gastrointestinal illnesses, and endocrine abnormalities [4 & ]. Previous clinical trials and observational studies have demonstrated improvements in growth after initiation of antiretroviral treatment (ART), although gains have often not been as strong in adolescents as among younger children. HIV infection contributes as a risk factor to the high overall global prevalence of stunting, second in some regions only to preterm birth and fetal growth restriction [5 & ], which are also common among children born to mothers with HIV infection. Without specific treatment for malnutrition, growth deficits are persistent and increase risk for mortality. Decreased growth early in childhood can lead to delayed puberty, with subsequent effects on pubertal growth spurts, final attained height, Growth deficits in children born with HIV become apparent as early as 6 weeks of age and persist throughout infancy and early childhood [7 & ]. Birth weight and length are significantly below that of uninfected children [8] . In Zimbabwe, 20% of PHIV infants exhibited wasting (WHO weight for height zscore, (WHZ) 2 or less) and 59% were stunted (WHO height for age z-score (HAZ) 2 or less) as compared with 3.3% wasted and 18.9% stunted among uninfected children. Head circumference is also decreased among HIV-infected infants, with 11.1% of HIVinfected infants exhibiting microcephaly at birth as compared with 5.4% of uninfected infants [8] . These early growth deficits persist throughout childhood, with average z-scores ranging from À2.9 to À2.3 for HAZ and À2.2 to À1.2 for weight for age z-score (WAZ) in children less than 5 years old at ART initiation [9, 10] .
ADOLESCENT GROWTH MEASURES PRIOR TO ANTIRETROVIRAL THERAPY INITIATION

High-resource settings
Adolescents with HIV have demonstrated impaired growth in both high-resource settings (HRS) and LRS. In North America and Western Europe, HIVinfected children exhibit moderate stunting and underweight prior to ART initiation. McGrath et al. [11 && ] conducted a comprehensive global systematic review of growth measures before and after ART initiation, including 67 studies (13 in HRS, 54 in LRS). Prior to ART initiation, the weighted average of z-scores across the 13 HRS studies was À0.90 for height and À0.50 for weight. More recently, Schomaker et al. [12 && ] reported mean z-scores at ART initiation of À0.65 for height and À0.07 for weight among children aged 1-16 years in Europe. The PENPACT study also observed deficits in both height and weight in children prior to ART initiation [13 & ] (Table 1) . These evaluations all reported higher means for BMI z-score (BMIZ) of À0.1 to 0.3, suggesting that despite height deficits, children in HRS less often suffer from wasting (see Table 1 
Low-resource settings
In contrast to developed settings, children in LRS demonstrate severe growth deficits prior to ART initiation. These HIV-related deficits are notable even against a current backdrop of 30% stunting in developing countries [5 & ]. In their global review, McGrath et al. [11 && ] noted HAZ and WAZ means significantly below those in HRS, reflecting high prevalence of stunting and underweight (Table 2) . Recent studies have confirmed these general findings in Asia and many African countries ( 
KEY POINTS
Impaired growth remains a critical issue of concern, particularly in low-resource settings, where stunting, wasting, and underweight remain common even after years on ART.
Antiretroviral treatment initiation results in improved growth, with greatest growth recovery in the first years and greater gains in weight than in height.
The high prevalence of stunting in HIV-infected adolescents translates to delays in pubertal onset and sexual maturity, abnormal bone health, and increased mortality risk.
The current cohort of HIV-infected adolescents has survived despite often receiving delayed or ineffective ART; recent WHO guidelines for universal ART initiation regardless of age and immunologic status may translate to improved growth and more normalized timing of pubertal development for future cohorts.
Coordinated efforts for early ART initiation along with nutritional supplementation programs are needed to ensure optimal growth in HIV-infected adolescents.
Senegal, West Africa, Uganda, Ethiopia, and Zimbabwe reported high levels of stunting, wasting, and underweight, often exceeding half of children (see Table 2 ]. High levels of stunting (23%) and underweight (27%) were also reported among youth first testing HIV positive at ages 6-13 in Zimbabwe; in addition, 35% had head circumference z-score 2 or less [23 & ].
Although the growth deficits observed in developing countries are clearly severe, some improvement has been noted as children are diagnosed at earlier ages and with less severe HIV disease status [22] . Substantial increases in WAZ at ART initiation over time were observed among children in Central Africa, with mean z-scores increasing from À2. ]; the percentage underweight decreased from 56 to 36% over this period. However, it should be noted that younger children (<10 years) constitute the majority of the populations in the studies described above, and several studies, which report growth measures specifically for adolescents (age 10-19) have identified more severe growth deficits than among younger children [17
GROWTH IN HIV-INFECTED ADOLESCENTS AFTER ANTIRETROVIRAL THERAPY INITIATION
High-resource settings
ART has resulted in marked improvements in growth among children with HIV in both HRS and LRS, and generally more rapidly for gains in weight than height [9,10,11 ]. The PENPACT study demonstrated greater growth recovery after ART initiation, with increases over 4 years of 0.43 and 0.68 for mean HAZ and WAZ, respectively [13 & ]. The pooled analysis of IeDEA cohorts indicated more limited short-term increases in height and weight z-scores in European children, but by 4 years after ART initiation mean HAZ had increased to À0.2 and WAZ to 0.2 [12 && ]. Significantly lower mean HAZ and BMIZ were observed at first pubertal assessment in PHIV boys and girls compared with HIV-exposed uninfected youth (see Table 1 ); the majority of PHIV youth had likely received ART since early childhood, but often initiated ART with mono or dual therapy [14 && ]. Among highly ART-experienced adolescents in the United States, means of À0.30 for HAZ and 0.15 for WAZ were reported [15 & ]. 
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Low-resource settings
In LRS, the increases in weight and height after ART initiation are somewhat more striking than those in HRS, with increases in mean z-scores after 2 years ranging from 0.4 to 1.0 in HAZ, and 0.4 to 1.5 in WAZ (see Table 2 Table 2 ). In Ethiopia, ART initiation had dramatic effects on reducing stunting and underweight to less than 20% by 2 years after starting treatment [22] . Among West African children, catch-up growth (attaining z-score at least 2) was observed within 2 years in 60-70% of those with initial stunting or underweight, and 90% of those with wasting at the time of ART initiation [20] .
PREDICTORS OF GROWTH RECONSTITION AFTER ANTIRETROVIRAL THERAPY INITIATION
The benefits of ART initiation on growth reconstitution are strongest in both high and low-resource settings whenever initiated at younger ages [ ]. In addition, catch-up growth often appears to stagnate after 1-2 years on ART even among children with virologic suppression [10, 26] . The type of initial first-line ART also does not appear to play a major role in growth reconstitution after ART initiation; Melvin et al. [13 & ] observed similar changes in HAZ, WAZ, and BMIZ over 4 years for children randomized to a non-nucleoside reverse-transcriptase inhibitor (NNRTI)-based regimen and a protease inhibitor-based regimen, who demonstrated viral suppression, and a systematic review indicated no difference in weight gain for NNRTI versus protease inhibitor-based regimens in models adjusting for baseline weight (although reports from individual studies were somewhat mixed) [12 && ]. However, children on second-line treatment are more likely to experience wasting than those on first-line ART [19 & ]. Use of cotrimoxazole prophylaxis (for prevention of pneumonia, malaria, and other opportunistic infections) along with ART was found to provide benefits in weight recovery in the TaPHOD cohort in Asia, although these benefits did not extend to those with CD4% less than 10% at ART initiation [27 & ]. Cotrimoxazole use did not appear to confer benefits in height recovery within 2 years after ART initiation, regardless of CD4% at ART initiation.
Not surprisingly, nutritional supplementation was associated with improved weight and height gain, with about a 0.50 standard deviation (SD) improvement among those receiving supplements such as ready to use therapeutic food (RUTF), highenergy protein, fortified maize products, and multivitamins [11 && ,25 && ]. The high variability in types of supplementation across studies makes interpretation somewhat difficult. Among 158 malnourished HIV-infected children and adolescents in Mali participating in a nutritional intervention with RUTF, 74% attained catch-up growth in weight for height within 6 months, but the rates were lower (63%) for those with concurrent stunting at study entry [25 && ]. Social support may also play a role; orphaned children were more likely to have persistent stunting after ART initiation [17 && ].
PUBERTAL DEVELOPMENT IN HIV-INFECTED ADOLESCENTS
Pubertal onset
Although malnutrition is known to slow growth and cause pubertal delay, malnutrition in combination with chronic inflammation can lead to elevated proinflammatory cytokines, reduction in insulinlike growth factor-1 (IGF-1), and altered secretion of growth hormone and gonadotropin-releasing hormone, which contribute further to growth deficits and pubertal delays [28,29 & ]. As a result, PHIV youth have significant delays in pubertal onset compared with uninfected children, with greatest delay for those with most severe HIV disease symptoms [23 & ,30,31 && ]. Among PHIV youth in the United States, delays in pubertal onset were observed for those with lower CD4 counts or higher viral load as compared with healthier PHIV youth [30] . In a small cross-sectional study conducted in Nigeria, a significantly lower percentage of HIVinfected girls had pubertal onset than an agematched group of uninfected girls [32] . In longitudinal follow-up of HIV-infected ARROW trial participants in Africa, the observed mean ages at pubertal onset were 12.8 for boys and 11.7 for girls; the estimated mean age at menarche was 14.3 years [31 && ]. These mean ages at onset are substantially later than those in the general United States population of 9.3, 9.5, and 12.1 years, respectively, and also later than those of PHIV youth in the United States [29 & ,30] . Among HIV-infected children and adolescents in Zimbabwe with no prior ART, pubertal delay was reported in 27% of girls and 13% of boys, and 24% of girls aged 15 or older had not yet reached menarche [23 & ]. Later age at ART initiation was associated with significant delays in pubertal onset among both boys and girls, and later age at menarche in girls. Children with lower pre-ART HAZ demonstrated further delays in pubertal onset, even after accounting for age at ART initiation [31 && ]. However, boys who demonstrated response to ART via increases in CD4 counts after ART initiation had earlier pubertal onset than those without such initial ART responses; no benefit of CD4 increase on ART was observed in girls, and pre-ART CD4 was not associated with age at pubertal onset in boys or girls [31 && ].
Sexual maturity and final adult height
Fewer studies have evaluated sexual maturity among PHIV adolescents. Bellavia et al. [14 && ] reported approximately 6 months later mean age at sexual maturity among PHIV compared with PHEU youth in the United States. Using a mediation analysis approach, they found that a high percentage of the total effect of HIV infection on age at maturity was mediated by growth measures after pubertal onset, with strongest effects based on both BMIZ and HAZ at age 11 for girls, and HAZ at age 12 for boys. These findings suggest that improving growth during the typical pubertal growth spurt could help normalize timing of sexual maturity. Among African youth, mean ages at maturity were 16.1 years for breast maturity in girls, and 16.9 years for genitalia maturity in boys, which are approximately 9-18 months later than those reported among PHIV youth in the United States [31 && ]. The later ages at both pubertal onset and maturity in LRS may be partially attributable to the greater growth deficits, particularly in height, among African adolescents with HIV infection noted previously as compared with those in the United States. Decreases of about 9-12 cm in final adult height of 18-year olds in Asia were observed relative to WHO growth references, and about half of those classified as stunted at ART initiation remained stunted at age 18 years [33 & ]. ]. Wasting has also been identified as associated with future risk of virologic rebound among adolescents, which contributes to higher risk of mortality [36 & ]. In higher resource settings, mortality rates are low, and wasting was not identified as a predictor of mortality among US adolescents with HIV [37] . Height deficits and pubertal delay have also been shown to be associated with psychosocial health, with increased depression symptoms and links to HIVrelated stigma [38, 39] .
IMPLICATIONS OF GROWTH DEFICITS AND DELAYED PUBERTAL DEVELOPMENT
Delayed puberty has implications for bone mineral accrual and maturation, as well as metabolic conditions such as lipodystrophy as adolescents transition to adulthood [ 
CHALLENGES
Evaluating height and weight deficits among adolescents initiating ART is currently limited to those who have survived to adolescence in absence of ART, which may induce selection bias. Confounding by indication limits the ability to evaluate effects of ART regimens on pubertal onset and maturity in HRS, where many older adolescents received relatively ineffective monotherapy or dual therapy in childhood. Longitudinal evaluations of pubertal development offer several advantages over crosssectional studies in allowing consideration of each child's pubertal progression and growth measures during adolescence. Due to increased energy needs during adolescence and puberty [19 & ], better documentation of nutritional intake could improve understanding of growth failure, especially in LRS. Other low-cost screening instruments such as midupper arm circumference may be useful for identifying those at greatest risk of growth failure [43 & ]. Development of screening tools for assessing growth rates on ART relative to reference standards may also improve identification of growth failures [26] .
CONCLUSION
Adolescents with HIV have demonstrated impaired growth prior to ART initiation in both high-resource and low-resource settings. However, these deficits are much more severe in LRS and persist even years after ART initiation, whereas HIV-infected adolescents in HRS generally achieve weight recovery. Some improvement in growth status at ART initiation has been noted over time, as children are diagnosed at earlier ages and with less severe HIV disease status. Prepubertal growth is intrinsically linked to pubertal onset, and stunted children demonstrate delays in both onset and maturation. The current cohort of HIV-infected adolescents has survived despite often receiving delayed or ineffective ART. As newer WHO treatment guidelines are implemented, growth deficits will hopefully be reduced and translate to other benefits across the health spectrum for adolescents with HIV infection. Early initiation of ART along with nutritional supplementation will be necessary for minimizing growth deficits.
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